Introduction
Neuroimaging studies of normal aging, genetic risk for Alzheimer's disease (AD), and mild cognitive impairment (MCI) have reported between-group differences in functional neuroimaging response patterns or metabolic changes during cognitive tasks -often in the context of equivalent behavioral performance [1] . Such findings have routinely been interpreted as evidence for compensatory neural recruitment in which older adults employ additional brain regions in order to maintain a certain level of behavioral performance. In fact, a majority of studies in this area of functional neuroimaging research have invoked compensatory recruitment to explain the patterns of results between groups.
Indeed, neuroimaging results are often interpreted as evidence for compensatory recruitment despite factors that may suggest alternative explanations such as dedif-ferentiation of cognitive abilities [for a review, see ref. 2 ] or greater neural noise [3] . Thus, the need is great for standardized criteria for interpreting functional neuroimaging findings as evidence for compensation. In this critical review, we survey a selection of the aging and AD risk literature that has contributed to the development of the concept of compensatory neural recruitment from a neuroimaging perspective, and we conclude with a proposed set of criteria to account for brain region, activation, and performance (RAP) considerations when interpreting observed functional magnetic resonance imaging (fMRI) results as compensatory.
Normal Aging
Normal aging is associated with declines in cognitive domains including memory, reasoning and spatial abilities [4] . Functional neuroimaging studies of nondemented older adults have reported a variety of findings including decreased brain response, increased brain response and decreases in typical lateralization [e.g. ref . 5 ] . Two main theories have been proposed to explain decreased and increased brain activation in older adults: the functional compensation theory and the dedifferentiation theory [2] . According to the compensation view, decreased activation in deep gray matter structures in older relative to young participants may indicate less efficient processing. In contrast, increased activity is often taken to reflect compensatory mechanisms indicative of reallocation of neural resources, reorganization of function such that new regions take on the tasks of declining regions [e.g. ref. 6 ] , or recruitment of different strategies or processes [e.g. ref. 5 ] to maintain or support performance.
Support for the compensation view has come from neuroimaging studies assessing the relation between brain activity and cognitive performance [7] . Several studies have reported an association between increased brain activation and better cognitive performance. For instance, one group reported that older adults who demonstrated bilateral activity were faster on a verbal working memory task [8] . Corroborating such findings, Cabeza et al. [9] conducted a positron emission tomography (PET) study of recall and source memory and found that lowperforming older adults demonstrated right prefrontal cortex (PFC) activation similar to young adults. Highperforming older adults, however, displayed bilateral PFC activation. Cabeza et al. [9] argued that the observed hemispheric asymmetry reduction in high-performing older adults was consistent with the compensation view and inconsistent with the dedifferentiation view. The authors further concluded that low-performing older adults engaged neural networks similar to those recruited by young adults, but used them less efficiently, whereas highperforming older adults recruited reorganized networks as a means of compensating for age-related decline.
In addition to the two findings discussed above, increased bilaterality of activity in older adults is often associated with enhanced cognitive performance, and brain regions showing additional bilateral activity in older adults are presumed to enhance performance on the investigated task. Based on functional neuroimaging findings, Cabeza [7] introduced this as a cognitive neuroscience model called 'hemispheric asymmetry reduction in older adults' (HAROLD). Providing empirical support for the HAROLD model and controlling for betweengroup differences in cognitive ability, Anderson et al. [10] conducted a blood-oxygenated level-dependent (BOLD) fMRI study in which cognitively intact, normal older adult participants performed a word recognition task involving an easy condition and a difficult condition that was titrated to each participant's ability. In the latter condition, the list length was determined prior to scanning in a training session and varied so that each participant achieved 75% performance accuracy. Using this method, the authors ensured that all participants were equally challenged and controlled for individual differences in memory abilities. During the difficult condition (relative to easy condition), participants demonstrated increased activation of the left medial frontal, right superior temporal, and right superior parietal regions. Anderson et al. [10] concluded that increased activation of bilateral regions during the difficult condition may reflect recruitment of additional regions in order to maintain performance in light of increased attention and monitoring demands. The bilateral activation on the word recognition task may reflect compensatory recruitment of right hemisphere neural networks. Many fMRI studies do not incorporate methods to control for task difficulty and ensure that participants are equally challenged and, therefore, the task titration technique used in this study represents a methodological strength and relatively unique feature.
Grady et al. [11] originally proposed that older adults might engage strategies mediated by PFC in order to compensate for deficits in sensory processing mediated by occipital cortex. and conducted a study to determine whether PASA is independent of cognitive task and difficulty level. In the study, participants completed an episodic retrieval task (word recognition) and visual perception task (area judgment). Findings included age-related decreases in occipital activity accompanied by increases in PFC activity as well as an association between increased PFC activation and better cognitive performance, suggesting that PASA is generalizable to different types of cognitive tasks. As Davis et al. [12] suggest, brain activation varies as a function of task difficulty, and the same tasks are often more challenging for older relative to younger adults. Therefore, increased activation could be related to increased difficulty rather than aging per se. In order to eliminate differences in difficulty, Davis et al. [12] matched young and older adults on performance accuracy on the task and still found engagement patterns consistent with the PASA model. Thus, PASA differences appear to be related to age-related processes rather than task difficulty, and the findings support the compensatory role of PASA.
In contrast to the compensatory view, the dedifferentiation view reflects greater engagement of generalized processes [13] . The dedifferentiation view is based, in part, on the replicable finding in psychometric research involving positive correlations among measures assessing various cognitive abilities and on cross-sectional studies of intelligence reporting a general pattern involving lack of differentiation during childhood, differentiation of abilities in adulthood, and dedifferentiation in late adulthood [2] . According to Li and Lindenberger [2] , evidence for the dedifferentiation view comes from behavioral studies reporting stronger intercorrelations among tasks that assess the same cognitive domain as well as across different abilities in older adults relative to young adults. In addition, Li and Lindenberger [2] cite evidence from neuroimaging studies that suggest a greater level of interdependence among various processes in older adults. For instance, they describe work by Grady et al. [11] reporting greater activation in the PFC during object matching and location matching in older adults relative to young participants. Grady et al. [11] argued that during visual processing, young adults use circuitry in the occipital lobe more efficiently than older adults and that older adults showed more 'reliance' on additional regions, suggesting a greater level of interdependence among various functions at the cortical level. Furthermore, Li et al. [14] propose a 'theoretical link' in which age-related deficiencies in neuromodulation lead to decreased responsiveness of neurons and increased neural noise, which may lead to dedifferentiation of cortical representations.
In contrast to the HAROLD model, the dedifferentiation view suggests that decreases in hemispheric asymmetry are simply 'byproducts of aging' [9] and do not have a specific function. Further, there is empirical evidence inconsistent with the HAROLD model. In at least one study, PFC activation was bilateral in young participants but unilateral in older adults [15] . In addition, a recent fMRI study [16] found that improved performance of a task was associated with increased hemispheric asymmetry in PFC in older adults. These authors argued that their findings were inconsistent with the compensatory hypothesis but consistent with a 'complementary' view [17] in which improved task performance is not necessarily associated with decreased asymmetry, but depends on the role of the active regions in the particular task.
As Cabeza [18] notes, the compensation and dedifferentiation views are not incompatible. For instance, Cabeza [18] suggests that combining cognitive functions could counteract cognitive decline associated with aging. In addition, there is a lack of definitive evidence indicating that age-related increases in correlations among cognitive abilities have detrimental effects on cognition. Cabeza [18] also argues that decreased hemispheric asymmetry may serve a compensatory role and lead to more similarity across various tasks and, thus, could account for the increases in correlations across cognitive measures seen in aging. Furthermore, as Beason-Held et al. [13] suggest, there are possible explanations for increases in age-related activation in addition to the compensation and dedifferentiation views, and these include the presence of greater neural noise [20] .
Genetic Risk
Several neuroimaging studies have provided evidence that the HAROLD model may be generalizable to individuals at genetic risk for Alzheimer's disease, as defined by the presence of at least one APOE 4 allele. In perhaps the original study, Bookheimer et al. [21] compared performance and brain response between APOE 4 carriers and a group that was homozygous for the 3 allele in a challenging memory task involving listening to unrelated pairs of words (learning blocks) and then being presented with the first word in each pair and silently recalling the second word (recall blocks). The APOE 4 carriers demonstrated greater magnitude and extent of activation in regions including the left hippocampal, parietal, and prefrontal regions. Longitudinal findings indicated that the degree of baseline brain activity was associated with memory decline two years later. The authors reported greater brain activation differences between the groups during recall, in which participants had to put forth cognitive effort in order to retrieve the stimuli, relative to learning trials, in which participants listened to words but did not actively recall information. In addition, among the APOE 4 carriers, increased activation was observed in the anterior cingulate and dorsal PFC, which are areas that demonstrate increased activation as cognitive effort increases [22] . Bookheimer et al. [21] suggested that one explanation for the observed pattern of brain activation is that 4 carriers require additional cognitive resources in order to achieve and maintain a performance level similar to the non-4 carriers. The authors proposed that the 4 carriers demonstrate changes in brain function prior to the appearance of observable memory decline or neuroanatomical alterations.
Bondi et al. [23] compared performance and brain response to a landscape picture encoding task between individuals at genetic risk for AD and those not at risk. APOE 4 carriers demonstrated greater brain response during novel picture encoding in bilateral fusiform gyrus, right superior parietal lobule, left middle frontal gyrus, and medial frontal gyrus relative to individuals who were homologous for the 3 allele. Given that the two groups both had normal learning and memory capabilities, comparable gray, white, and cerebrospinal fluid volumes, and no baseline differences in the control condition, and that there were no broad differences in physiology based on the fact that both groups demonstrated a strong positive bilateral response to the encoding condition in primary visual cortex, differences appear to be more directly related to an individual's genotype. Findings are consistent with a compensatory hypothesis in which the 4 individuals demonstrate greater magnitude and extent of activation in order to achieve the same level of performance. Further supporting this view, we [1] recently reported that APOE 4 carriers demonstrated greater activity in several right hemisphere regions relative to non-4 carriers during a verbal paired-associate task. We concluded that additional frontal and temporal activation provides evidence for the recruitment of executive functions and semantic memory processes to compensate for deficits in episodic memory encoding associated with 4 allele.
To determine whether increased activation in at-risk individuals is specific to memory encoding or generalizable to other cognitive abilities, Burggren et al. [24] studied at-risk older adults using a digit span task. Regardless of genetic status, increasing difficulty, defined as increasing digit length, was associated with greater magnitude and extent of PFC activation. Burggren et al. concluded that increased brain activation was associated with increased cognitive demand. In addition, they proposed that greater brain activation in at-risk individuals may be specific to memory tasks and not generalizable to other domains.
Mild Cognitive Impairment
Dickerson et al. [25] reported that individuals with MCI show better memory performance on a postscanning recognition test; this was associated with greater parahippocampal activation. Interestingly, MCI individuals with greater impairment demonstrated greater parahippocampal engagement during encoding, indicating that greater MTL activation may represent a compensatory response to increasing AD pathology. Corroborating the findings by Dickerson et al. [25] , a recent study [26] reported increased hippocampal activation in MCI compared to normal controls during successful memory encoding. The authors concluded that this finding reflected the role of a compensatory mechanism evoked in order to counteract the incipient AD-related neuropathology prior to the development of clinical dementia.
In another recent study, Hamalainen et al. [27] reported that individuals with MCI demonstrated increased fMRI activation in the posterior hippocampus, parahippocampus and fusiform gyrus in the presence of greater structural atrophy of the anterior portions of the hippocampus relative to normal control participants when performing an associative encoding task of novel picture-word pairs. In addition, the correlation between hippocampal volume and parahippocampal volume was negative in MCI, but not in control or AD groups. The authors concluded that the increased activation in posterior medial temporal and fusiform regions was a compensatory mechanism related to anterior medial temporal lobe atrophy in MCI.
Difficulties with Interpretation of fMRI Findings as Compensatory Neural Recruitment
The noninvasive nature and relatively high temporal and spatial resolution of BOLD fMRI have made it an essential tool for studies of the working human brain. Most fMRI studies -including our own previous work -treat the BOLD response as an indirect qualitative measure of neural activity and interpret BOLD signal differences as differences in neural activity. However, the BOLD signal reflects local changes in deoxyhemoglobin content, which in turn exhibits a complex dependence on changes in cerebral blood flow (CBF), cerebral blood volume and the cerebral metabolic rate of oxygen consumption (CMRO 2 ) [28] . Of these quantities, CMRO 2 is thought to be most tightly linked to neural activity, reflecting the fact that neurons necessarily expend energy to accomplish their work and that CMRO 2 change reflects both synaptic and spiking activity [29, 30] . The positive BOLD response observed in most fMRI experiments reflects the fact that CBF increases relatively more than CMRO 2 , so that local capillary and venous blood are more oxygenated during increased brain activity. In general, the actual amplitude of the BOLD response reflects a delicate balance between the relative increases in CBF and CMRO 2 . For these reasons, measures of CBF and CMRO 2 changes are likely to provide a more accurate reflection of neural function than BOLD alone.
Factors that affect the baseline deoxyhemoglobin content (which we refer to as the proportionality constant M) or the coupling between CBF and CMRO 2 (which we refer to as the ratio n = CBF/CMRO 2 ) may therefore alter the BOLD response even when neural activity is unchanged [for discussion, see ref. 31 ]. For example, there is growing evidence that changes in the cerebrovascular system due to age or disease can significantly alter the BOLD signal and complicate its interpretation [32] . Age-related factors include altered cerebrovascular ultrastructure, reduced elasticity of vessels, increased atherosclerosis, reduced resting-state CBF, decreased resting CMRO 2 , and reduced vascular reactivity to chemical modulators [32] [33] [34] [35] [36] [37] . In fMRI studies of aging, researchers have found a significant age-related decrease in BOLD signal amplitude [38, 39] , possibly reflecting age-related decreases in the elasticity of the cerebrovascular system [32, 40] . Unfortunately, most fMRI studies have not investigated these additional variables of interest in order to take apart the neurovascular underpinnings of the BOLD signal, nor have a number of studies reported specific data on the structural volumes of their samples. In the next section, we provide recommendations for the incorporation of specific variables into functional neuroimaging studies to achieve a more comprehensive examination of the compensatory recruitment hypothesis.
The RAP Model and Future Studies
Working from a behavioral perspective, Dixon et al. [41] defined a compensatory mechanism as 'a cluster of behaviors and processes that are designed to overcome or mitigate cognitive deficits or declines'. Working from a functional neuroimaging perspective, and in response to the previously reviewed literature, it is clear that the definition of Dixon et al. needs to be further refined to include considerations of (1) brain region; (2) activation patterns, and (3) behavioral performance differences. We propose a modification of the definition by Dixon et al. of a compensatory mechanism to read: A cluster of behaviors and processes that are designed to overcome or mitigate cognitive deficits or declines [41] as manifested through either (1) 
additional brain regions, and/or (2) discrepant brain activation patterns, such that a cognitive ability is either (3) maintained or improved.
Also, functional neuroimaging studies interpreting their results as reflective of compensatory mechanisms have shown heterogeneity in populations of interest, imaging techniques, and numerous other methodological factors. As Aine et al. [42] suggest, methods used to examine age-related changes have limitations including use of the subtraction method, differences in resting state physiology, and differences in neurovascular coupling. Given this heterogeneity across studies, we further operationalize our proposed definition of compensatory mechanism recruitment by proposing a set of criteria to be considered when assessing whether a study's results are reflective of compensation. These guidelines have been developed with our three major considerations (region, activation, performance) and older adults in mind, but several of these points may be applicable to younger individuals as well.
Whole-Brain Scans
In view of our first major consideration of brain region, we specifically advocate the incorporation of volumetric information. Since recruitment of compensatory mechanisms often involves interactions between brain regions anatomically distant from each other [e.g. ref. 31 ], whole-brain scans or scans which encompass the majority of accessible gray matter will be important to consider in a functional paradigm. It is unlikely that reductions in asymmetry or other age-related effects will be observed unless they are explicitly tested [7] . Pattern of activation depends in part on region assessed (pathological processes associated with normal aging varies depending on particular region). For instance, neurofibrillary tangles may begin developing in the 30s and 40s and most adults accumulate them by age 60 [43] . There is a pattern that occurs with aging in which tangles first appear in the hippocampus and adjacent medial temporal structures and then affect frontal and cingulate areas followed by occipital and parietal areas [43] . Thus, although analyses involving specific regions of interest are useful, wholebrain analyses should also be considered in order to detect additional regions that may play a role in a potential compensatory mechanism. One useful methodology for achieving this aim involves creating a region of interest (ROI) that is homologous in both hemispheres and then calculating a lateralization index [7] . For instance, Cabeza [7] suggests calculating (right ROI -left ROI)/(right ROI + left ROI) and then multiplying the value by 100. In such a case, a value of -100 indicates complete left lateralization of activation, 0 indicates perfect symmetry, and +100 indicates complete right lateralization. The derived lateralization index reflects whether a certain group is more or less lateralized than a comparison group. Of course, knowledge of normal or expected asymmetries in brain structure must be factored into such approaches. For example, the right hippocampus is normally larger than the left hippocampus, and a reduction in the expected asymmetry instead may represent a pathological marker [44] .
Whole-brain functional scans also allow for the possible implementation of functional connectivity analyses. These statistical approaches identify regions of the brain that appear to be functionally associated in their activity, and they arguably are crucial for the determination of whether a compensatory network of regions is recruited during a particular task. Examples of significant contributions of functional connectivity analyses to compensation aging research include work from Cabeza et al. [45] and Daselaar et al. [46] . Cabeza et al. [45] utilized functional connectivity analyses to support the notion that older adults invoke more of a bilateral PFC activation pattern when compared to younger adults during a memory task, and Daselaar et al. [46] presented evidence supporting the notion that older adults may compensate for hippocampal decrements in functionality by recruiting rhinal cortex and bilateral prefrontal cortical regions.
Segmentation Measurements
It is also reasonable to assume that observed differences in activation patterns may be driven by any structural differences that may exist between groups. In the case of aging, structural deterioration may play a role in the functional recruitment of compensatory mechanisms [47] . Segmentation measures are encouraged to be reported to account for this possibility. Issues related to structural integrity are thus critical to consider when studying age-or disease-related changes. Volumetric analyses and correction for cortical atrophy are important for assessing the functional significance of anatomical damage. In addition to examining the integrity of gray matter, assessing white matter integrity is important as white matter damage is relatively common in older adults [e.g. ref. 48 ] , and may relate to alterations in CBF or cerebrovascular responsivity [49] . As Aine et al. [42] note, when examining age-related differences in functional neuroanatomy, many groups do not consider the plastic nature of the brain that is influenced by development and life experience through childhood and adulthood [50, 51] . Studies of aging should consider both maturational and degenerative changes that occur during adulthood and aging, and as Aine et al. [42] suggest, brain maturation (e.g., myelination) continues into middle age 'when maximal WM volume and myelination are reached in frontal lobes and association areas, regions necessary for higher cognitive functions' [see also ref. 52 ] . In addition, postmortem evidence suggests that myelination of the hippocampus continues into the '5th and 6th decades of life' [53] . In fact, both Aine et al. [42] and Raz et al. [54] have reported an inverted U-shaped function for white matter volume in frontal cortex in which young and older adults have reduced volumes relative to middle-aged adults. It is possible that older adults utilize a different strategy than the young adults in part as a result of different maturational stages.
Activation Comparisons
In our second major aspect of the RAP model, we specifically advocate the incorporation of activation comparisons and perfusion measurements. The interpretation of compensatory neural recruitment is predicted on the ability to discern its absence or presence within a controlled investigation. This can be accomplished by the use of two or more subject groups and statistical comparisons between the groups, or through the use of temporal analyses that associate the presence of a compensatory mechanism during periods of time when such a mechanism may be needed and the absence of such a mechanism during periods of time when it is not. The pattern of optimal response should be carefully considered. In another study, Cook et al. [55] reported that on a delayed matchto-sample task, older adults displayed larger regions of activation as well as greater interindividual variability regarding extent of activation. Analyses yielded mixed age-related differences in connectivity, with older adults showing both less and more connectivity, depending on the network. Thus, it may be necessary to consider activation, deactivation, connectivity patterns (using functional connectivity analyses), and specific additional regions when considering optimal activation pattern response.
Perfusion Measurements
It is also worth noting that fMRI studies of normal older adults and at-risk groups have reported inconsistent findings at times (e.g., increased versus decreased brain response). As we previously noted [23] , this may be related to uncertainties about the mechanisms linking the hemodynamic response and underlying neuroanatomy and neurophysiology. Studies have shown age-related changes in the hemodynamic response [19, 32, 38] . Our recent work has revealed at least three different hemodynamic scenarios that could cause perceived 'compensatory' increases in fMRI activity. The first scenario is an increased BOLD response due to a true compensatory increase in neural activity reflected by a normal CBF/ CMRO 2 coupling ratio n, as depicted in figure 1 a. However, a second scenario that could lead to this perception is an increase in the CBF response (perhaps caused by increased cerebrovascular disease), but the neural activity and CMRO 2 changes are maintained, thereby increasing n. This second scenario is depicted in figure 1 b. A third scenario is one in which baseline CBF is reduced while baseline CMRO 2 activity, neural activity and the neurovascular coupling ratio n remain constant. This causes an increase in the proportionality constant (M), leading to increased BOLD response, which is depicted in figure 1 c. Thus, an identical increase in the BOLD response can arise in three very different ways. As the figure illustrates, a method to clarify which one of these scenarios may be occurring is possible with the addition of perfusion measurements and cerebral blood volume mapping, both of which may similarly help to adjust for baseline differences in signal intensity.
Explicit Cognitive Task Control
Finally, in view of our third major consideration for the RAP model (i.e. behavioral performance), we specifically advocate explicit cognitive task control. The design of the cognitive task should control for level of performance, which may involve titration of difficulty or ensuring equality of performance between groups. It is important to have similar performances between groups so that activation differences cannot be attributed to other factors such as effort. Moreover, it is problematic to compare difficulty across different tasks because difficulty may be confounded with different cognitive processes used to complete tasks (e.g. verbal and arithmetic tasks) so it is ideal to use the same task with varying levels of difficulty. Three physiological scenarios leading to a 'compensatory' increase in the BOLD response, each showing a 1.25% BOLD response in the 'normal' condition and a 1.75% BOLD response in the 'compensatory' condition. In this example, the normal condition has the proportionality constant M = 8% and the neurovascular coupling (n = CBF/CMRO 2 ) at n = 3. a An increased BOLD response due to a true compensatory increase in neural activity and a normal CBF/CMRO 2 coupling ratio n. b The CBF response is increased (perhaps by increased stroke risk), but the neural activity and CMRO 2 changes are maintained, thereby increasing n. c Baseline CBF is reduced while baseline CMRO 2 activity, neural activity, and n remain constant. This causes an increase in M, leading to increased BOLD response. Thus an identical increase in the BOLD response can arise in three very different ways. Adapted from Brown et al. [60] , with permission.
There may be an 'upper limit' to the brain's ability to engage compensatory mechanisms characterized by easier levels of a task showing compensation/increased activation whereas more difficult levels would outstrip the brain's ability to compensate. If there are at least three levels of difficulty, the association between brain activation and cognitive demand can be more thoroughly probed, and nonlinear relations could be detected. Average performance across various conditions or levels can be analyzed and subjective ratings of task difficulty or effort collected.
Another possible approach involves using the simplest version of a task so that all individuals perform well [42] . As Nielson et al. [56] suggest, it must be clear whether there is a direct benefit of increased activation in order to consider activation as compensatory. Compensation should result in improved performance or decreased impairment. Even if a brain region is active during a certain task, it does not necessarily imply that this region is necessary to complete this task or is playing a compensatory role [50] .
Concluding Remarks
We conclude with three final considerations when interpreting functional neuroimaging results as compensatory neural recruitment. First, quantitative data should be considered in addition to qualitative data and relative differences. As Gould et al. [57] note, it is unclear whether compensation involves qualitative or quantitative changes or both. In fact, Stern [58] presented a model in which greater response of regions (i.e. quantitative changes) underlying a task in healthy adults reflects cognitive reserve, and recruitment of additional regions not typically underlying the task (i.e. qualitative changes) represents compensation. Importantly, implicit in the quantitative-change hypothesis is a linear relationship between BOLD activation and increased cognitive load, which may or may not be the case.
Second, qualitatively different patterns of brain activity may reflect use of different strategies to complete cognitive tasks. For instance, Aine et al. [42] propose that the divergent pattern of response in older subjects in many studies may reflect the role of subvocalizations or inner speech in facilitating memory processes. As Aine et al. [42] note, during the verbal delayed-matching-to-sample task, the older adults demonstrated greater signal amplitudes in areas including the dorsolateral prefrontal cortex and anterior cingulate. However, as the young-adult group was not fully matured (as evidenced by the finding that middle-aged adults had greater white matter volumes compared to both the young and older adults), the different brain responses between young and older adults may reflect learned strategies related to normal maturation rather than compensation. It is important to consider a variety of potential explanations of both quantitative and qualitative differences.
Third, there are a variety of demographic variables that are essential to consider when interpreting age-related changes in brain activation. Functional neuroimaging studies have compared relatively small groups of individuals and there is little information regarding the generalizability of these findings to broader populations. It is important to evaluate cognitive functioning as it affects brain activity. Age-related changes in activation may be specific to those individuals who are experiencing cognitive decline. This decline may be extremely subtle so it is important to screen participants carefully. For instance, education may influence the relation between cognition and effects on the brain. In addition, gender may influence age-related changes on the brain and influence lateralization [7] . Longitudinal studies may also be useful although they have the disadvantage that older adults demonstrate less change in brain activation related to practice effects compared to younger adults [59] .
Interest in compensatory neural recruitment has grown with the advent of functional neuroimaging techniques and recent advances in aging research. The utility of a standardized set of criteria for interpreting results as evidence for compensatory mechanism recruitment would be significant given this rapidly growing body of literature. We propose our RAP model as one possible set of criteria for investigators to consider when developing future programs of research designed to investigate these important mechanisms using fMRI approaches. While our proposed set of criteria was developed specifically with fMRI in mind, we could foresee aspects of this model as applicable to other functional neuroimaging methods as well (e.g., PET, SPECT).
